Li Z, Tremble SM, Cipolla MJ. Implications for understanding ischemic stroke as a sexually dimorphic disease: the role of pial collateral circulations. We investigated structural and functional differences in primary and pial collateral circulations in adult normotensive male and female Wistar rats. Male (n ϭ 10) and female (n ϭ 7) rats were subjected to middle cerebral artery (MCA) occlusion and changes in relative cerebral blood flow in MCA and pial collateral territories were measured by multisite laser-Doppler flowmetry. Rats were then transcardially perfused with a mixture of carbon black and latex, perfusion fixed, and imaged to compare primary and pial collateral structure between male (n ϭ 4) and female (n ϭ 3) rats, including lumen diameters and number. To study pial collateral function, leptomeningeal anastomoses (LMAs) were isolated and pressurized from male (n ϭ 7) and female (n ϭ 6) rats. Myogenic tone and reactivity to pressure, vascular function to pharmacological activator, or inhibitor of ion channels was measured and compared. There was no difference between relative cerebral blood flow in both MCA and pial collateral territories during occlusion and reperfusion between groups. Compared with male LMAs, female LMAs had similar myogenic tone (24.0 Ϯ 7.3% vs. 16.0 Ϯ 3.7%, P Ͼ 0.05) and reactivity to increased pressure and similar vascular responses to vasoconstrictive and vasodilatory stimuli. Additionally, compared with female LMAs, male LMAs had similar numbers (21 Ϯ 1 vs. 20 Ϯ 2, P Ͼ 0.05) and diameters (30.5 Ϯ 2.0 vs. 26.2 Ϯ 0.6 m, P Ͼ 0.05), and no sex difference was detected in the diameter of arterial segments of circle of Willis. Together, our data establish no sex difference of cerebral collateral structure or function, suggesting that the reduced severity of stroke outcome in female rats is not likely due to differences in the cerebral collateral circulation.
INTRODUCTION
Stroke is an enormous burden on global health, causing devastating disability (49) , but few therapeutic advances have been accomplished despite decades of effort (26) . On average, someone in the United States has a stroke every 40 s (8) . Someone dies of stroke every 4 min, making it the fifth leading cause of death in the United States (8) . Stroke is a sexually dimorphic disease with the recognition that men and women have different incidence, prevalence, and outcome (61) . The average stroke onset for women is~4 yr older than men (75 yr compared with 71 yr) (39) ; however, compared with men, higher incidence rates have been reported for women at 74 -85 yr (43) and above 85 yr (55) , which has been suggested to be related with a decline in sex hormones after menopause. Women are at a significantly greater risk for atrial fibrillation than men, a major cause of stroke (2a) . Moreover, women account for more stroke deaths, consistently suffer from worse stroke outcomes, worse functional recovery, and poorer quality of life at 3, 6, and 12 mo after stroke (25, 50) .
Sex differences are not only a consideration in human stroke but also are relevant in animal studies. Alkayed et al. (1) showed that reproductively intact female rats demonstrated a smaller infarct size after middle cerebral artery (MCA) occlusion (MCAO) in both cerebral cortex and caudoputamen compared with age-matched male rats, an effect that was mainly attributed to endogenous estrogen. However, it is unlikely that hormonal effects account fully for the sex differences in stroke incidence since women are protected until the age of 75-85 yr, well past the menopausal years (50). Several other factors have been shown to contribute to the sex differences in stroke outcome, including age, prestroke function, and comorbidities such as depression and social isolation (29, 52, 53, 58) . Interestingly, adjustment for these factors did not sufficiently explain the sex differences observed in stroke outcome (21, 32) . One possibility for sexually dimorphic outcome of stroke may relate to perfusion differences. In addition to showing a higher cerebral perfusion during rest, women also have a higher cerebral perfusion during cognitive activities, such as solving verbal analogies and a spatial line orientation task (28) . Thus, intrinsic biological sex differences in cerebral vasculature may underlie the sex differences in stroke outcome.
The cerebral collateral circulation is closely associated with the occurrence, development, and outcome of acute ischemic stroke (64) . The anatomy of the collateral circulation consists of extracranial and intracranial sources that can be divided into primary and secondary collateral circulations (41) . Primary collaterals include the arterial segments of the circle of Willis and provide immediate redistribution of cerebral blood flow (CBF) during an occlusion, especially the occlusion of carotid arteries (35) . Studies have shown that patients with incomplete circle of Willis suffered worse stroke outcome, whereas complete collateral circulation effectively reduced cerebral infarction (31, 56) . Rapid establishment of collateral circulation after cerebral artery occlusion could significantly diminish the extent of brain injury (13, 14, 31, 56) .
Secondary collaterals consist of the ophthalmic artery that originates from the internal carotid artery (ICA) and leptomeningeal anastomoses (LMAs), also known as leptomeningeal collaterals or pial collaterals (41) . In acute ischemic stroke, the commonly engaged secondary collaterals are LMAs. LMAs are small vessels connecting the distal branches of major (anterior, middle, and posterior) cerebral arteries along the surface of the brain (41) . LMAs importantly redirect CBF from nonoccluded territories to the occluded area to perfuse the penumbra and limit infarct expansion (3) . The compensatory function of LMAs will not be a factor unless one of the major cerebral arteries is acutely occluded (59) . From animal studies, LMAs have been determined to have an important role in the microvascular perfusion of the penumbra (11, 44) . The isch-emic penumbra refers to the peri-infarct region of the brain during focal occlusion with metabolic impairment but retained cellular integrity that can be salvaged if reperfusion occurs (2) . Using computed tomography angiography to identify the penumbral tissue in stroke patients, clinical studies have demonstrated that good pial collateral status was a critical determinant of a smaller infarct and favorable stroke outcome (40, 48) . See Fig. 1 for a schematic demonstration of the role of LMAs in stroke outcome.
The structure and function of LMAs have been investigated between C57BL/6J and BALB/cByj mouse strains, and no sex difference between groups has been reported (23). In the same study, the structure of posterior communicating arteries and primary cerebral arteries did not vary with sex either (23) . In addition, the function of LMAs in male hypertensive rats was studied and compared with normotensive rats (12) . This study on the function of pial collaterals showed that LMAs were vasoconstricted in young and aged male spontaneously hypertensive rats to a greater degree than young and aged Wistar-Kyoto rats. Additionally, LMAs from spontaneously hypertensive rats responded with significant myogenic vasoconstriction to increased intravascular pressure and had impaired vasodilatory responses compared with Wistar-Kyoto rats (12) . Thus, hypertension appears to negatively affect LMA function; however, sex differences in LMA structure and function have yet to be investigated and may be an important contributor to sexrelated differences in stroke outcome.
In the present study, we compared the vasoactive properties of isolated and pressurized LMAs that could actively influence vascular resistance and collateral flow between adult male and female Wistar rats. We also examined if the structure of LMAs, and their distal branches that are connected by LMAs (red circles). Distal connections under these conditions have low and bidirectional flow because of similar pressure differential across the small vessels. B: in patients with "good pial collaterals," i.e., LMAs that are larger and/or greater in number (red circles), when the proximal MCA is occluded, retrograde blood flow from nonoccluded territories, for example, the ACA territory, can sustain blood flow and limit infarct expansion. These patients have larger penumbra and smaller infarction. C: in patients with "poor pial collaterals," i.e., smaller and fewer LMAs (red circles), when the proximal MCA is occluded, retrograde blood flow that is provided by nonoccluded territories is limited, which leads to less salvageable tissue and larger infarction.
including the number and lumen diameter, varied with sex. Given the findings that premenopausal women and intact female rodents sustained more favorable outcome after acute ischemic brain injury compared with age-matched male subjects (1, 62) , we hypothesized that female rats would have less perfusion deficit in both MCA and pial collateral territories during MCAO and that LMAs would have less myogenic tone and less vascular reactivity compared with male rats. We further hypothesized that there would be more anastomotic connections with larger lumen diameter in female rats and that female rats would have greater diameter of arterial segments of circle of Willis and greater primary collateral flow.
MATERIALS AND METHODS

Animals.
All experiments were conducted using adult male (10 -11 wk) and female (15-17 wk) Wistar rats. Animal groups were matched by body weights and not age to avoid potential influence of varied brain sizes on vessel lumen diameter. Animals were housed in the Animal Care Facility, an Association for Assessment and Accreditation of Laboratory Animal Care-accredited facility. Animals had access to food and water ad libitum and followed a 12:12-h light/dark cycle. All animal procedures were approved by the Institutional Animal Care and Use Committee at the University of Vermont and complied with National Institutes of Health guidelines for care and usage of laboratory animals.
Middle cerebral artery occlusion. Transient proximal MCAO was performed using the filament technique, as previously described (17, 18) . Briefly, animals were anesthetized with isoflurane (1.5% in oxygen) and then tapered onto pentobarbital (50 mg/kg iv) for the remainder of the experiment. A midline neck incision was made to expose the right common carotid artery. A monofilament coated with silicon was inserted into the external carotid artery and advanced into the ICA until it occluded the MCA, as verified by laser-Doppler flowmetry. Animals were mechanically ventilated to maintain blood gases within a normal physiological range (Table 1) , and a heating pad was used to maintain body temperature at~37°C. The MCA was occluded, and ischemia was induced for 2 h. After this, the filament was removed and reperfusion allowed for 2 h. The order of male or female rat experiments was randomized using an online randomization tool (https://www.random.org/lists/).
Multisite laser-Doppler probes for core MCA and pial collateral flow measurements. Changes in CBF in both MCA and pial collateral territories where LMAs are located were measured using laser-Doppler flowmetry (Perimed, Ardmore, PA), as previously described (16) .
Briefly, the skull was thinned and probes were secured using surgical glue at specific coordinates determined from the rat brain atlas (probe 1 to measure the CBF change in MCA territory: 4 mm lateral and 2 mm posterior of bregma; probe 2 to measure the CBF change in pial collateral territory: 3 mm lateral and 2 mm anterior of bregma). CBF was measured continuously during the entire procedure (~240 min). Measurements of CBF were normalized to the flow at baseline to calculate the percent change of CBF in both MCA and pial collateral territories. The following equation was used:
where CBFmeasured is the flow in laser-Doppler units at the measured time points and CBFbaseline is the flow in laser-Doppler units before occlusion.
Structural measurements in primary and pial collaterals. At the end of the MCAO experiment (2-h ischemia and 2-h reperfusion), papaverine (45 mg/kg) was injected intravenously to standardize all vessels at full relaxation and for animal euthanasia, and a thoracotomy was performed. An 18-gauge cannula was inserted into the ascending aorta, and a warmed mixture of carbon black and latex (10%/90%) was injected to perfuse the cerebral circulation and allow visualization and characterization of primary and secondary collaterals. Rats were then placed on ice for 15 min to allow the carbon black and latex to solidify, and brains were then dissected and fixed in 10% neutral buffered formalin at 4°C overnight. All brains were imaged in a blinded manner using an Olympus SZX12 dissecting microscope at ϫ10, ϫ20, and ϫ40 magnifications; 2 images from each animal were taken at ϫ10, 8 images on average were taken from each animal at ϫ20, and 18 images on average were taken from every animal at ϫ40 magnification. Brain images were imported to ImageJ (National Institutes of Health, Bethesda, MD), and arterioles that connected distal anterior cerebral artery (ACA) and MCA were identified as LMAs to match the isolated LMA functional experiments. The total number of LMAs in the surface of brain ipsilateral to the ischemic stroke was quantified as well as the number of LMAs with or without penetrators. LMA diameters were individually assessed by averaging three diameter measurements along the wall of the collateral vessels. Arterial segments [ACA, ICA, posterior communicating artery, and posterior cerebral artery (PCA)] of the circle of Willis were identified, and diameter for each artery was determined by averaging three diameter measurements along the wall of collateral vessels.
In vitro isolated LMA experiments. Isolated LMAs were identified as arterioles connecting the distal MCA and ACA and then dissected and mounted in an arteriograph chamber. LMAs were perfused with physiological saline solution (PSS), pressurized at 20 mmHg, and then equilibrated for 1 h to allow the development of spontaneous myogenic tone. After equilibration, pressure was decreased to 5 mmHg and then increased to 10, 20, 40, 60, and 80 mmHg in a stepwise manner. The lumen diameter at each pressure was recorded once stable. Pressure was returned to 40 mmHg for the remainder of the experiments. The thromboxane A 2 agonist U46619 (10 Ϫ7 M) was administered to preconstrict all LMAs in preparation for subsequent vessel dilation (19) . NS309, a small-and intermediate-conductance (SK/IK) Ca 2ϩ -activated K ϩ channel agonist (63) , was cumulatively added to the bath (10 Ϫ8 Ϫ10 Ϫ5 M), and lumen diameter was recorded at each concentration once stable. After NS309 was washed from the bath, U46619 (10 Ϫ7 M) was used to preconstrict LMAs again. PSS in the bath was then replaced with 13 mM KCl, a concentration that activates the inward rectifier K ϩ (Kir) channel (46) , and the change in lumen diameter was recorded. Next, 13 mM KCl PSS was replaced with 30 mM KCl, a concentration that activates voltage-operated Ca 2ϩ channels (37) , and the change in lumen diameter was recorded. The bath was then replaced with PSS and 4.7 mM KCl, and N G -nitro-L-arginine methyl ester (L-NAME; 10 Ϫ3 M), a nitric oxide (NO) synthase (NOS) inhibitor, was added to the bath, and the change in lumen diameter was recorded. In the presence of L-NAME, sodium nitroprusside (SNP), a NO donor, was cumulatively added to the bath (30) , and diltiazem (10 Ϫ5 M), an L-type Ca 2ϩ channel inhibitor (47) , were added to inhibit vascular smooth muscle contraction and obtain LMA measurements under passive conditions. Finally, pressure was decreased from 80 to 5 mmHg (80, 60, 40, 20, 10, and 5 mmHg), and lumen diameter and wall thickness were measured at each pressure. Drugs and solutions. Isolated vessel experiments were performed using PSS, the ionic composition of which was (in mM) 119.0 NaCl, 24.0 NaHCO 3, 4.7 KCl, 1.18 KH2PO4, 1.17 MgSO4·7H2O, 1.6 CaCl2, 0.026 EDTA, and 5.5 glucose. PSS with a higher concentration of KCl (13 and 30 mM) was made with a reduced amount of NaCl to maintain a constant osmolarity. PSS was made each week and stored at 4°C. Glucose was added to PSS before each experiment. PSS was aerated with 5% CO 2, 10% O2, and 85% N2 to maintain a constant pH of 7.4 Ϯ 0.05. U46619, NS309, L-NAME, SNP, and papaverine were purchased from Sigma (St. Louis, MO). Diltiazem was purchased from MP Biomedicals (Santa Ana, CA). Stock solutions for L-NAME, SNP, diltiazem, and papaverine were made weekly and stored at 4°C. Aliquots of U46619 and NS309 were made and stored in the Ϫ20°C freezer until use.
Data calculations. Myogenic tone was calculated by the following formula: [1 Ϫ ( active/passive)] ϫ 100%, where active is the lumen diameter of the vessel under active conditions and passive is the lumen diameter of the fully relaxed vessel under passive conditions. Percent constriction to L-NAME and 30 mM KCl was calculated using the following formula: [1 Ϫ (drug/baseline)] ϫ 100%, where drug is the lumen diameter of the vessel after drug treatment and baseline is the lumen diameter before the drug was given. Percent dilation to 13 mM KCl was calculated by the following formula: [(drug/ baseline) Ϫ 1] ϫ 100%. Percent reactivity to NS309 and SNP was calculated using the following formula: [(dose Ϫ baseline)/(passive Ϫ baseline)] ϫ 100%, where dose is the lumen diameter at a specific concentration of drug.
Statistical analysis. Data are presented as means Ϯ SE. A normality test was performed using SPSS (version 24.0, IBM SPSS, Chicago, IL). For normally distributed data, differences between the groups were determined using an unpaired Student's t-test. For data not normally distributed, comparisons were made between groups using the Wilcoxon-Mann-Whitney test (GraphPad Prism, version 7.0, La Jolla, CA). Differences were considered statistically significant at P Ͻ 0.05.
RESULTS
Effect of sex on relative CBF changes during MCAO in MCA
and pial collateral territories. Figure 2A shows the percent change of relative CBF (rCBF) from baseline in the MCA territory during 2-h ischemia. Upon ischemia (filament in), a rapid and robust decrease in CBF was detected and was similar between male and female rats (61.9 Ϯ 4.4% vs. 64.1 Ϯ 2.9% of baseline); rCBF then increased after 10 min. The average change of rCBF over 120 min during ischemia was Ϫ37.6 Ϯ 3.3% in male rats compared with Ϫ40.4 Ϯ 5.6% in female rats (P Ͼ 0.05). After removal of the filament, rCBF was higher than baseline in male rats, demonstrating hyperperfusion; in female rats, rCBF went back to baseline. Similarly, Fig. 2B shows the percent change of rCBF of baseline in the pial collateral territory during 2-h ischemia only. An initial drop in rCBF occurred in the pial collateral territory upon placement of filament but was to a lesser degree than in the MCA territory. The rCBF change between male and female groups was Ϫ31.5 Ϯ 12.7% versus Ϫ36.0 Ϯ 9.5%. Recovery of rCBF was also observed in the pial collateral territory from both male and female rats, and no sex-dependent difference was found. The average change of rCBF over 120 min in pial collateral territory during ischemia was 33.7 Ϯ 35.9% in male rats compared with Ϫ23.0 Ϯ 14.4% in female rats (P Ͼ 0.05).
Effect of sex on LMA myogenic reactivity and tone. To determine if LMAs from male and female rats had different myogenic reactivity, diameter changes in response to pressure were measured. Figure 3A shows that LMAs from male and female rats had similar changes in diameter with increased pressure, indicating that LMAs from male and female rats had a similar myogenic response. As shown in Fig. 3B , LMAs from male and female rats had increased myogenic tone at 40, 60, and 80 mmHg compared with that at low pressures, and the tone was similar at various intravascular pressures.
Effect of sex on LMA reactivity. To better understand the potential sex differences in LMAs, we investigated the lumen diameter change and myogenic responses to vasoconstrictive and vasodilatory stimuli using pharmacological approaches. Vascular reactivity of LMAs to various ion channel activators and inhibitors was compared between male and female rats. Figure 4A shows the diameter response of LMAs to increased concentrations of the SK/IK channel activator NS309, demonstrating the presence of these channels in both LMAs from male and female rats. Additionally, LMAs from male and female rats showed similar reactivity to the activation of SK/IK channel.
KCl can produce vasodilation through the activation of K ir channels at concentrations of Ͻ15 mM (12, 24) , after which it causes constriction because of depolarization and subsequent activation of voltage-dependent L-type Ca 2ϩ channels (34) . LMAs from both male and female rats dilated to 13 mM KCl ( Fig. 4B ), suggesting that K ir channels were present in LMAs from both male and female rats. In addition, LMAs from both groups showed similar reactivity to K ir channel activation. After a switch to 30 mM KCl, as shown in Fig. 4C , LMAs from both male and female rats constricted to 30 mM KCl, which was not different between groups.
To study the vasodilatory influence of NO on LMA tone, constriction in response to a single concentration of the NOS inhibitor L-NAME was measured. Figure 5A shows that LMAs from both male and female rats constricted to NOS inhibition, and there was no difference between male and female rats. Figure 5B shows the vasodilatory response to the NO donor SNP. At lower concentrations, LMAs had similar reactivity to SNP. However, at higher concentrations, LMAs from female rats had a lower reactivity to SNP compared with male LMAs.
Effect of sex on pial collateral structure. To determine if the structure of LMAs differed between male and female Wistar rats, a mixture of carbon black and latex was perfused to visualize and measure LMAs. As shown in Fig. 6A , identified LMAs were circled in the image and counted. The average LMA number in the right hemisphere was 21 Ϯ 1 for male rats and 20 Ϯ 2 for female rats (P Ͼ 0.05; Fig. 6B ). Figure 6C shows that the average LMA diameter was not significantly different between male and female rats. Next, LMAs with and without penetrators were quantified and compared. As shown in Fig. 6D , male and female rats had similar percentage of LMAs with penetrators and without penetrators. Based on the diameter, LMAs were categorized and the frequency of the diameter range was assessed. The histogram shown in Fig. 6E demonstrates that male and female rats had a similar distribution of diameter of LMAs.
Effect of sex on primary collateral structure. Artery segments that make up the circle of Willis were identified and diameters were measured, as shown in Fig. 7A . Figure 7B shows the average diameter of these artery segments, and no significant difference was found between male and female rats.
DISCUSSION
In the present study, our data showed that mean rCBF drops in both MCA and pial collateral territories during MCAO were similar between male and female rats. In addition, compared with male LMAs, female LMAs had similar myogenic reactivity and tone at different intravascular pressures and similar reactivity to vasoconstrictive and vasodilatory stimuli. Furthermore, no sex differences of pial collateral structure were detected from male and female rats, as measured by LMA number, diameter, and percentage of LMAs with or without penetrators. Primary collateral structure, as measured by the diameter of arterial segments of the circle of Willis, was similar between groups. These results suggest no sex differences in primary or pial collateral circulation in adult normotensive Wistar rats.
In this study, we investigated whether male and female Wistar rats had a different rCBF drop in MCA and pial collateral territories during ischemia. Despite the incomplete occlusion of MCA and hyperperfusion, no sex difference was detected in either territory. For adult normotensive Wistar rats, a previous study reported a significantly lower CBF drop in intact female rats compared with male rats that was measured over the ipsilateral parietal cortex (1). However, Dziennis et al. (22) reported a similar CBF drop in MCA territory during MCAO between adult male and female Wistar rats, and our results are in support of this. The contradiction could be partly explained by the different position of the laser-Doppler probe. Nonetheless, our results suggest no sex difference in CBF drop in both MCA and pial collateral territories in adult normotensive Wistar rats.
Clinical studies have shown an important role for LMAs in stroke functional outcome. Miteff et al. (48) graded collateral status based on the extent of contrast visualized distal to the occlusion on computed tomography angiography. They found that good collateral status was significantly associated with a larger baseline penumbra and also appeared to maintain penumbral flow and limit infarct expansion (48) . Additionally, patients with a better graded pial collateral flow had a lower rate of hemorrhagic transformation after endovascular therapy after acute ischemic stroke (4) . An animal study also demonstrated that after occlusion of a major cerebral artery, LMAs allowed retrograde blood flow to the occluded artery territory (20) . Thus, understanding the function of LMAs could provide us with a potential pharmacological approach to open pial collateral vessels, limit the cerebral infarct, and eventually improve stroke outcome. The findings in the present study suggest that LMAs from both male and female rats had similar myogenic tone and myogenic reactivity. LMAs from female rats had moderately decreased vascular reactivity to the NO donor SNP as well as in response to ion channel activation and inhibition compared with male rats. These results suggest that the favorable stroke outcomes in premenopausal women and reproductively intact female rodents are less likely to be due to the functional difference of LMAs.
Several pathophysiological factors have been identified that can improve or decease the efficiency of pial collateral flow, including the variability in number and diameter of LMAs. Anatomic studies have shown that the presence of LMAs was not similar, and some patients had anastomotic vessels that were larger and more numerous (27, 54) . Brozici et al. (11) concluded that the efficiency of the pial collateral flow depends on the individual variability, mainly in the number, and lumen diameter of LMAs. The importance of the variability was also stated by Tariq and Khatri (59) , who demonstrated that not only lumen diameter and number of LMAs but also the age of patients, duration of ischemia, and associated comorbidities may influence the efficacy of pial collateral flow. To determine if there were sex differences in native pial collaterals, we compared the number and diameter of LMAs between adult normotensive rats. Faber et al. (23) had previously concluded that there were no sex differences in the LMA number and lumen diameter in young adult, middle-aged, and old mice or in strains of mice with genetically determined differences in native collaterals. Our results were consistent in the way that adult male and female Wistar rats had similar numbers of LMAs that were similar in lumen diameter and distribution pattern.
The percentage of LMAs with or without penetrating arterioles was quantified. LMAs give rise to smaller vessels that eventually penetrate into the brain tissue (15) , known as penetrating arterioles. These small arterioles deliver blood from LMAs to capillaries in the cerebral cortex and are considered crucial for the subsequent neuronal survival within the penumbra region (6) . Occlusion of penetrating vessels can cause a direct flow change in downstream capillaries and lead to neuronal death, local inflammatory response, and cognitive decline (10, 57) . Using rats as the animal model, studies have shown that the occlusion of only a single penetrating arteriole led to cognitive dysfunction in behavioral tasks (57) . In the same study, the accumulation of multiple microinfarcts led to extended cortical tissue damage (57) . Thus, LMAs with more penetrators may provide a protective mechanism by preserving collateral flow during ischemia. In the present study, we compared the Fig. 6 . Comparison of the structure of leptomeningeal anastomoses (LMAs) from the right rat brain hemisphere from male and female Wistar rats. A: representative image showing the right rat brain hemisphere perfused with carbon black and latex. All identified LMAs were circled in red circles and counted. Scale bar ϭ 5 mm. B: average number of LMAs did not differ between male and female Wistar rats. C: graph showing that average LMA diameter did not vary between male and female Wistar rats. D: graph showing that the percentage of LMAs with or without penetrators did not vary between male and female Wistar rats. E: histogram showing the LMA diameter distribution frequency between male and female rats. No significant difference was observed between male and female Wistar rats. percentage of LMAs with or without penetrators and found no sex-dependent difference.
In the present study, the architecture of the primary collateral circulation in the circle of Willis was investigated and compared between male and female rats. We found no sex-dependent difference in the diameter of arterial segments that construct the circle of Willis. These results were consistent with the previous study (23) showing that the diameter of primary cerebral arteries did not vary with sex. Horikoshi et al. (33) demonstrated sex-linked differences in anatomic variations of circle of Willis and reported that a nonvisualized unilateral PCA was more common in women, whereas a nonvisualized unilateral ACA occurred more commonly in men. However, only the structural completeness was investigated, and few studies have measured the sex differences in diameter of each arterial segment of the circle of Willis. Our results add to the knowledge base that there was no sex difference in diameter of each arterial segment of the circle of Willis in adult normotensive Wistar rats.
The present study has some limitations. First, only young adult normotensive rats were investigated, without comorbidities that are common in ischemic stroke patients such as hypertension, advanced age, or obesity (38) . To closely resemble the pathophysiology of stroke patients, further investigations are needed in animal models to determine if there are sex differences in the cerebral circulation and perfusion in the settings of such comorbidities. Second, stroke outcomes between groups were not investigated and compared. After completion of MCAO, rats were perfused with the mixture of carbon black and latex for vessel visualization, and thus the stroke outcome measurement could not be processed. However, numerous studies have shown a favorable stroke outcome in reproductively intact female rats compared with male rats (1, 23, 42, 45) . For example, Baskerville et al. (7) have shown that female rats had a significantly smaller infarct volume from 0.5 to 4 h after permanent MCAO compared with age-matched male rats. Third, some animals were excluded from the results because of either technical difficulties or inability to visualize collaterals with carbon black. Thus, some experiments may have been underpowered. Fourth, during the MCAO surgery, rCBF increased after the initial drop, suggesting incomplete occlusion of the MCA. This could be due to immediate collateral blood flow from PCA territory, effective pial collateral perfusion, or incomplete filament occlusion of the MCA. Finally, papaverine was injected to fully dilate and standardize all cerebral vessels. However, whether papaverine crosses the blood-brain barrier has not been tested. Papaverine has a limited molecular weight (339 Da), which might allow it to cross the blood-brain barrier (5) . Moreover, papaverine has been shown to damage the blood-brain barrier (9, 36, 51) , which may add to its perfusion through the blood-brain barrier.
In summary, our data show that LMAs from male and female Wistar rats had similar myogenic tone and reactivity. LMAs from female Wistar rats had moderately decreased vascular reactivity to an NO donor and similar vascular reactivity to ion channel activators and inhibitors compared with male rats. With regard to the structural analyses, pial collateral number, diameter, and percentage of penetrators did not suggest sex differences between male and female rats. Primary collateral circulation, indicated by the circle of Willis, did not vary with sex either. These findings indicate that factors other than function and structure of primary and pial collaterals may underlie the reduced severity of stroke in premenopausal female subjects.
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